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HIGHLIGHTS 


•  Novel  Nd2Ni04+j-SSZ  composite  cathode  is  prepared. 

•  Impregnated  Nd2Ni04+j  cathode  shows  a  low  ASR  of  0.04  Q  cm2  at  800  °C. 

•  Maximum  power  density  of  1.26  W  crrr2  is  obtained  at  800  °C  for  IT-SOFCs. 
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Here  we  developed  a  novel  Nd2Ni04+s  (NNO)  impregnated  SSZ  composite  cathode  for  intermediate 
temperature  solid  oxide  fuel  cells  (IT-SOFCs).  The  area  specific  polarization  resistance  of  the  composite 
cathode  for  oxygen  reduction  can  be  as  low  as  0.04  Q  cm2  at  800  °C.  The  anode  supported  SOFC  with  the 
structure  of  Ni-YSZ  anode,  SSZ  electrolyte  and  impregnated  NNO-SSZ  composite  cathode  was  prepared 
by  the  tape  casting,  co-firing  and  impregnation  method.  The  resulting  fuel  cell  exhibits  maximum  power 
densities  of  1.26  and  0.73  W  cirr2  at  800  and  700  °C,  respectively  when  operated  in  hydrogen  and  air. 
Additionally,  the  electrical  conductivity  of  the  NNO  cathode  and  the  chemical  compatibility  with  the 
electrolyte  material  were  also  studied. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  been  attracting  much  atten¬ 
tion  in  recent  decades  for  the  advantages  like  high  efficiency,  low 
pollution,  fuel  flexibility  and  all-solid-state  structure  1—3],  How¬ 
ever,  the  commercialization  of  SOFC  technology  is  hindered  by  the 
high  manufacturing  cost,  insufficient  long-term  operation  stability 
and  system  reliability  [4,5].  Lowering  the  operating  temperature  of 
SOFCs  from  the  traditional  900—1000  °C  to  600—800  °C  can  reduce 
the  system  cost  and  increase  the  performance  durability  [6], 
Nevertheless,  the  overall  electrochemical  performance  of  the  SOFCs 
becomes  poor  at  a  lower  operating  temperature  due  to  the 
increased  ohmic  resistance  mainly  from  the  electrolyte  and  the 
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polarization  resistances  from  the  electrodes.  Applying  the  nano¬ 
scale  thin  electrolyte  film  prepared  by  pulsed  laser  deposition 
(PLD)  or  other  deposition  techniques  can  greatly  reduce  the  ohmic 
resistance  [7,8],  while  such  techniques  are  not  appropriate  to  be 
used  for  mass  production  due  to  their  high  equipment  cost  and  low 
deposition  efficiency.  Meanwhile,  the  ultrathin  electrolyte  film  with 
low  mechanic  reliability  has  the  risk  of  cracking  in  practical 
application.  By  using  highly  conductive  electrolytes,  such  as  doped 
ceria  and  strontium-  and  magnesium-doped  lanthanum  gallate 
(LSGM),  we  can  also  reduce  the  ohmic  resistance  [9,10  ,  but  doped 
ceria  has  electronic  conductivity  in  reducing  atmosphere  and  LSGM 
has  the  drawbacks  like  poor  stability,  high  material  cost  and  fairly 
reactivity  with  the  Ni-based  anode  [11  ].  On  the  other  hand,  in  order 
to  solve  the  problem  of  increased  polarization  resistances  at  a  lower 
operating  temperature,  both  the  electrode  materials  and  the  elec¬ 
trode  structure  should  be  taken  into  account,  especially  for  the 
cathode.  Novel  cathode  materials  with  high  performance  have  been 
developed  to  decrease  the  polarization  resistance  at  low  operating 
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temperatures  [12,13]  and  the  impregnation  method  has  been 
proved  as  an  effective  way  to  obtain  highly  active  electrodes. 

In  this  work,  tape  casting  was  applied  to  prepare  a  thin  scandia 
stabilized  zirconia  (SSZ)  electrolyte  film  onto  the  traditional  Ni- 
yttria  stabilized  zirconia  (YSZ)  anode  with  the  thickness  of  15  pm. 
SSZ  was  used  as  the  electrolyte  material  due  to  its  high  ionic  con¬ 
ductivity,  chemical  stability  and  mechanical  strength  at  interme¬ 
diate  temperatures.  Meanwhile,  Nd2Ni04+g  (NNO)  with  high 
catalytic  activity  was  chosen  as  the  cathode  material  to  reduce  the 
polarization  resistance  from  the  cathode.  NNO  is  a  mixed  electronic 
and  ionic  conductor  with  the  I<2NiF4  type  structure  belonging  to  the 
first  order  Ruddlesden-Popper  family  Ln2Ni04+s, where  Ln  is  a 
lanthanide  cation  such  as  La,  Pr  or  Nd.  It  has  been  reported  to 
exhibit  promising  electrocatalytic  activity  for  oxygen  reduction 
reaction  when  used  as  the  cathode  of  IT-SOFC  [14],  The  surface 
exchange  coefficient  (I<  =  1CT6  cm  S-1)  and  oxygen  diffusion  co¬ 
efficient  (D*  =  10-7  cm2  S-1 )  are  much  higher  than  other  perovskite 
materials,  especially  at  moderate  temperatures  [15,16].  Further¬ 
more,  the  Sr-free  K2NiF4-type  cathode  material  like  NNO  shows  a 
significantly  higher  tolerance  towards  Cr-poisoning  [17],  Despite 
the  above  merits  of  NNO  as  the  cathode  material  of  IT-SOFC,  the 
chemical  compatibility  with  traditional  electrolyte  materials  is  still 
a  problem.  As  reported  [18],  NNO  reacts  with  both  CGO  and  YSZ 
above  a  certain  temperature  (1100  °C  and  1000  °C,  respectively).  In 
this  study,  the  NNO  cathode  catalyst  was  deposited  into  the  pre¬ 
sintered  SSZ  backbones  by  the  impregnation  method  and  calcined 
at  850  °C.  Since  the  active  catalyst  was  prepared  at  a  relatively  low 
temperature,  chemical  compatibility  problem  could  be  avoided. 
Also,  the  resulting  nano-micro-structured  cathode  with  high  cata¬ 
lytic  activity  shows  promising  performance. 

2.  Experiments 

The  Nd2Ni04+§  (NNO)  powder  was  prepared  by  a  sol— gel 
combustion  method.  Stoichiometric  amounts  of  Nd(N03)3-6H20 
(99%,  Sinopharm)  and  Ni(N03)2-6H20  (99%,  Sinopharm)  were 
firstly  dissolved  in  deionized  water.  Citric  acid  was  adopted  as  the 
complexing  agent  and  added  in  a  2 : 1  molar  ratio  of  citric  acid  to  the 
total  metal  ions.  The  PH  value  was  adjusted  to  =  8.5  via  the  addition 
of  ammonia.  After  heating  and  stirring  the  solution  at  90  °C  for 
about  4  h,  the  green  gel  was  obtained.  Then  the  gel  was  dried  on  a 
hotplate  at  220  °C  for  6  h  to  get  the  self-combusted  ash.  Finally,  in 
order  to  investigate  the  phase  formation  temperature,  the  NNO 
powder  was  synthesized  by  calcining  the  ash  at  900—1050  °C  in  air 
for  6  h.  Commercial  YSZ  ((ZrO2)0.92(Y2O3)0.08,  Tosoh/TZ-8Y),  CGO 
(Ceo.9Gdo.1Oj.95,  Ruier,  China),  SSZ  (Zr0.89Sco.iCe0.oi02_x,  Daiichi 
kigenso  kagaku  kogyo,  Japan)  and  LSGM  (Lao.95Sro.05- 
Gao.gMgo.iOo.92,  Ruier,  China)  powders  were  used  for  the  reactivity 
tests.  The  mixtures  of  NNO  calcined  at  1000  °C  for  6  h  with  the 
above  electrolyte  materials  were  grinded  and  annealed  at  tem¬ 
peratures  between  1000  and  1200  °C  for  5  h,  followed  by  the  XRD 
measurements.  The  as-synthesized  NNO  powder  was  compacted 
into  a  cuboid  and  sintered  in  air  for  6  h  at  1000  °C  and  1400  °C, 
respectively.  The  thermal  expansion  measurement  of  the  NNO  was 
performed  with  a  dilatometer  (NETZSCHDIL402PC)  on  cuboid 
specimens  from  25  °C  to  1000  °C  and  the  electrical  conductivity  of 
the  NNO  was  measured  in  ambient  air  from  600  to  800  °C  using  the 
standard  four-probe  DC  method. 

For  the  symmetrical  cathode  cells,  the  tri-layer  structure  of 
porous  SSZ  |  dense  SSZ  |  porous  SSZ  was  manufactured  by  lami¬ 
nating  the  three  tape-cast  green  tapes.  The  laminated  green  tapes 
were  co-sintered  at  1400  °C  for  4  h  in  air.  Then  the  NNO  catalyst 
was  introduced  into  the  porous  SSZ  backbones  on  both  sides  by 
impregnating  an  aqueous  solution  containing  Nd(N03)3-6H20, 
Ni(N03)2  -6H20  and  citric  acid  in  a  molar  ratio  of  2:1:3,  followed  by 


calcinating  at  850  °C  for  2  h  in  air.  The  loading  of  impregnated 
catalyst  was  controlled  by  a  micro-liter  syringe  each  time  and  the 
impregnation/heat  treating  cycle  was  repeated  to  achieve  the  ul¬ 
timate  loading  needed.  A  single  impregnation/heat  treating  cycle 
yielded  the  loading  of  =5  wt%  for  the  cathode  and  the  ultimate 
amount  of  the  impregnated  catalyst  is  about  30  wt%  as  we  opti¬ 
mized  previously  [19], 

The  single  solid  oxide  fuel  cells  concerned  with  this  work  are 
planar  anode  supported  cells  containing  NiO-YSZ  anode  support 
layer,  NiO-YSZ  anode  active  layer,  SSZ  electrolyte  layer  and  SSZ 
cathode  backbone  layer.  The  four-layer  structure  was  also  prepared 
by  the  tape  casting  and  laminating  method,  followed  by  a  co¬ 
sintering  process  conducted  at  1400  °C  for  4  h  in  air.  The  NNO 
cathode  was  impregnated  into  the  SSZ  cathode  backbone  and  cal¬ 
cinated  at  850  °C  for  2  h  in  air,  the  same  way  as  for  the  symmetrical 
cells. 

For  electrochemical  measurements,  silver  ink  was  applied  on 
the  electrode  surfaces  as  the  current  collector.  For  the  single  cells, 
the  current— voltage  curve  and  electrochemical  impedance  spectra 
were  obtained  using  an  IM6  Electrochemical  Workstation  (ZAH- 
NER,  Germany)  with  one  side  exposed  to  air  and  the  other  to  hu¬ 
midified  (3%  H20)  hydrogen,  both  at  a  flow  rate  of  100  mL  min-1. 
The  frequency  range  for  impedance  measurement  was 
50  mHz— 100  kHz  with  a  20  mV  AC  amplitude.  Both  the  active  area 
of  the  symmetrical  cathode  cell  and  the  single  cell  were  0.35  cm2. 
The  cell  structure  was  examined  after  testing  using  scanning  elec¬ 
tron  microscopy  (SEM)  in  a  Hitachi  S-4800-II  microscope. 

3.  Results  and  discussion 

In  order  to  identify  the  optimized  temperature  of  the  formation 
of  the  NNO  single  phase,  NNO  powder  has  been  successfully  syn¬ 
thesized  via  the  sol— gel  combustion  method.  Fig.  1  shows  the  XRD 
patterns  of  the  NNO  powders  after  calcination  in  air  at  900,  950, 
1000, 1050  and  1200  °C  for  4  h,  respectively.  The  as-prepared  ox¬ 
ides  exhibited  a  K2NiF4-type  structure  at  all  temperature  range. 
From  the  analyses  we  can  conclude  that  Nd203  is  the  main  impurity 
at  900  and  950  °C.  It  shows  that  the  lowest  phase  formation  tem¬ 
perature  is  1000  °C  and  the  phase  is  also  stable  at  1200  °C.  The 
obtained  values  agree  well  with  those  published  previously  [14,20], 

The  chemical  compatibility  with  the  electrolyte  materials  has 
also  been  discussed.  The  XRD  patterns  of  the  NNO/YSZ,  NNO/SSZ, 
NNO/CGO  and  NNO/LSGM  powder  mixtures  at  different  treatment 
temperatures  are  shown  in  Fig.  2.  For  the  NNO/YSZ  mixture 
(Fig.  2(a)),  some  reaction  peaks  identified  as  Nd2Zr20y  and  NiO 
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Fig.  2.  X-Ray  diffraction  patterns  collected  from:  (a)  NNO/YSZ,  (b)  NNO/SSZ,  (c)  NNO/CGO,  (d)  NNO/LSGM  powder  mixtures  after  different  heat  treatments. 


show  up  after  annealing  at  1100  °C,  the  extremely  weak  peak  of 
Nd2Zr207  pyrochlore  phase  is  observed  at  1000  °C  after  annealing 
for  5  h,  showing  the  same  result  with  that  obtained  from  Alejandra 
Montenegro-Hernandez  [18  .  In  the  case  of  the  NNO/SSZ  mixture 
shown  in  Fig.  2(b),  no  obvious  chemical  reaction  evidence  with 
electrolyte  material  or  phase  decomposition  of  nickelate  was 
observed  by  XRD  at  1000  °C.  However,  the  peaks  of  Nd2Zi‘207  are 
clear  whereas  the  intensity  of  NNO  peaks  has  decreased  at  1100  °C 
after  annealing  for  5  h.  As  for  the  NNO/CGO  powder  mixture 
(Fig.  2(c)),  no  reaction  is  evident  after  the  5  h  heat  treatment 
conducted  at  1100  °C.  However,  after  annealing  at  1200  °C  for  5  h, 
two  reflections  identified  as  Ndo.5Ceo.5O1.75  ( v )  and  NiO  (+)  are 
observed  [18,21,22],  Fig.  2(d)  exhibits  the  result  of  the  NNO/LSGM 
powder  mixture.  After  annealing  at  1000  °C  for  5  h,  the  patterns  of 
the  mixture  show  a  decrease  of  the  NNO  reflections  along  with  the 


extremely  weak  peak  of  Nd203  (+).  These  results  show  that  the 
reactivity  at  1000—1100  °C  with  the  electrolyte  materials  is  a 
drawback.  Therefore,  the  impregnated  NNO-SSZ  composite  cath¬ 
ode  was  proposed  in  this  work  to  reduce  the  sintering  temperature 
and  prevent  the  reaction. 

Thermal  expansion  measurement  of  the  NNO  was  carried  out  in 
the  temperature  range  of  25—1200  °C  using  a  differential  dilota- 
meter.  The  NNO  powder  was  prepared  by  the  sol— gel  method.  The 
final  annealing  was  performed  at  1000  °C  for  6  h  to  obtain  a  pure 
phase.  The  thermal  expansion  coefficient  (TEC)  has  been  measured 
in  order  to  evaluate  the  mechanical  compatability  with  the  usual 
electrolyte  materials.  Fig.  3  shows  that  the  TEC  of  the  NNO  is 
13.45  x  10~6  l<  ',  which  is  comparable  with  the  results  as  reported 
[16,23],  Although  it  is  slightly  higher  than  that  of  SSZ,  it  is  much 
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Fig.  5.  XRD  patterns  of  the  NNO  impregnated  YSZ  composite  measured  at  850,  900 
and  950  °C. 

lower  than  the  traditional  cathode  materials,  such  as  LSCF 
(24.5  x  1CT6  K_1)  [24]  and  so  on.  Meanwhile,  since  the  NNO  catalyst 
applied  here  are  impregnated  onto  the  inter  surface  of  the  SSZ 
backbone  instead  of  the  normal  screen  printing  method,  the  TEC 
mismatch  may  not  be  a  problem  [17], 

Fig.  4  shows  the  temperature  dependence  of  the  total  electrical 
conductivity  of  NNO  measured  in  air.  The  compound  exhibits  a 
semi-conducting  behavior  over  the  whole  temperature  rang  from 
600  to  800  °C.  The  total  conductivity  of  NNO  varies  between  133.6 
and  119.2  S  citT1  at  600—800  °C,  which  is  a  little  higher  than  the 
previous  results  reported  by  E.  Boehm  [16],  Meanwhile,  the  con¬ 
ductivity  increases  with  temperature  decreasing  due  to  a  diffusive- 
type  charge  transport  in  the  high  temperature  range.  Some  re¬ 
searchers  have  reported  that  both  the  decrease  of  oxygen  content 
and  the  density  of  Ni3+  carriers  have  an  effect  on  the  conductivity 
[16,25,26],  which  further  confirmed  that  NNO  is  a  feasible  cathode 
material  applied  at  intermediate  temperature. 


Fig.  5  shows  the  XRD  patterns  of  the  NNO  impregnated  YSZ 
composite  obtained  from  the  symmetrical  cells  after  calcining  at 
850,  900  and  950  °C  for  2  h  respectively.  We  can  conclude  that  the 
desired  NNO  phase  can  be  formed  at  the  calcination  temperature  of 
850  °C.  However,  even  improving  the  calcination  temperature  to 
950  °C,  there  is  still  some  unreacted  NdgOa.  Migue  A.  laguna- 
Bercero  also  reported  the  appearance  of  Nd203  after  heating  at 
1000  °C  for  2  h,  while  it  does  not  affect  the  cathode  performance 
[20], 

Fig.  6(a)  shows  the  microstructure  of  a  cross-sectional  SEM 
micrograph  of  the  anode-supported  single  cell,  consisting  of  a 
porous  NNO  impregnated  SSZ  composite  cathode,  a  dense  SSZ 
electrolyte,  a  porous  Ni-YSZ  anode  active  layer  and  a  porous  Ni-YSZ 
anode  substrate.  We  can  note  that  the  thickness  of  the  cell 
component  is  about  60, 15, 15  and  600  pm  for  cathode,  electrolyte, 
anode  and  anode-support  layer,  respectively.  In  both  cases,  the 
electrode  layers  are  porous  and  the  adherence  with  the  dense 
electrolyte  is  very  good.  The  porous  anode  active  layer  (NiO-YSZ) 
was  shown  in  Fig.  6(b).  Fig.  6(c)  shows  the  SEM  image  of  the  NNO 
impregnated  SSZ  composite  cathode  at  a  mass  loading  of  30  wt%, 
which  exhibits  a  thin  porous  and  well  intra-connected  NNO  coating 
on  the  internal  surface  of  the  porous  SSZ  backbone.  A  high 
magnification  SEM  micrograph  of  the  nano-NNO  particles 
(40—100  nm)  was  shown  in  Fig.  6(d).  Such  a  nano-structure  has 
substantially  larger  surface  area  than  that  of  the  traditional  micron- 
scale  cathode  and  therefore  allows  for  high  reduction  kinetics  [27], 

In  order  to  examine  the  electrochemical  behavior  of  the  NNO 
impregnated  SSZ  cathode,  the  typical  impedance  spectra  for  such 
cathode  is  investigated  based  on  a  symmetrical  cell  was  shown  in 
Fig.  7.  By  introducing  the  impregnating  method,  the  polarization 
resistance  (Rp)  of  the  symmetrical  cell  is  only  0.04, 0.059, 0.093  and 
0.166  O  cm2  at  800,  750,  700  and  650  °C  respectively,  which  shows 
much  higher  performance  compare  to  other  methods.  For  example, 
D.  Mesguich  has  reported  a  NNO  symmetrical  cell  with  the  polar¬ 
ization  resistance  of  0.5  Q  cm2  at  700  °C  prepared  by  the  spray 
pyrolyzed  [28],  Spin  coating  was  also  applied  to  fabricate  the 
Nd].gCeo.2Cui_xNix04+5  symmetrical  cathodes  and  the  minimum 


Fig.  6.  SEM  micrograph  of  the  (a)  Single  cells  after  measurement,  (b)  Ni-YSZ  active  anode,  (c)  Impregnated  NNO-SSZ  cathode  and  (d)  Impregnated  NNO  particles. 
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Fig.  7.  Electrochemical  impedance  spectra  (EIS)  of  the  symmetrical  NNO-SSZ  cathode 
cell  measured  at  650-800  °C. 

area  specific  resistance  (ASR)  value  of  0.44  Q  cm2  was  obtained  at 
700  °C  [29].  The  other  Nd1.6Sr0.4NiO4  cathode  has  showed  a  per¬ 
formance  of  0.93  O  cm2  at  700  °C  reported  by  Li-Ping  Sun  [30],  The 
much  higher  performance  obtained  here  may  be  caused  by  the 
impregnated  nano-sized  NNO  particles,  which  can  greatly  accel¬ 
erate  the  oxygen  dissociation  and  diffusion  processes.  Most 
significantly,  the  cathode  polarization  performance  of  the  NNO- 
impregnated  SSZ  composite  cathode  reported  in  this  study  shows 


Current  Density  /  A  cm’2 


ReZ  /  (  Q  cm2  ) 


Fig.  8.  (a)  Voltage  and  power  density  versus  current  density  for  the  present  single  cell 
measured  at  650-800  °C  and  (b)  Electrochemical  impedance  spectra  measured  at 
open  circuits. 


comparable  performance  with  those  of  LNF  (0.054—0.702  O  cm2  at 
800-650  °C),  LSCF,  and  LSF  (0.1  Q  cm2  at  800  °C)  cathodes  which 
were  also  prepared  by  the  impregnation  method  31—33], 

The  performance  of  NNO  impregnated  SSZ  cathode  is  further 
investigated  in  a  single  cell  with  Ni-YSZ  anode  and  SSZ  electrolyte. 
Electrochemical  performance  measurements  were  measured  on 
the  single  cells  with  humidified  hydrogen  fuel  and  air  oxidant  at 
800  °C-650  °C.  Fig.  8(a)  shows  the  typical  i—v  curve  for  the  NNO- 
SSZ/SSZ/NiO-YSZ/NiO-YSZ  cell.  The  maximum  power  densities 
measured  are  1.26,  0.95,  0.73  and  0.52  W  cm~2  at  800,  750,  700  and 
650  °C  respectively.  The  performance  obtained  here  is  much  higher 
than  those  reported  for  the  fuel  cells  with  NNO-based  cathode  and 
zirconia-based  electrolyte.  Miguel  A.  Laguna-Bercero  has  reported 
an  anode  supported  micro-tube  cell  with  infiltrated  NNO  cathode 
which  showed  a  power  density  of  0.76  W  cuT2  at  800  °C  [20],  The 
power  density  of  the  single  cell  with  YSZ  electrolyte  and  screen 
printed  Ndi.gsNiC^+g  cathode  is  only  about  90  mW  cm~2  at  750  °C 
reported  by  C.  Lalanne  [34],  The  performance  obtained  here  is  also 
comparable  to  the  intermediate  temperature  SOFC  with  impreg¬ 
nated  Lao.6Sro.4Coo.2Feo.gO3  cathode  [35,36].  The  results  indicate 
that  the  performance  can  be  improved  by  impregnating  the  nano¬ 
catalyst  and  optimizing  the  electrode  microstructure.  Fig.  8(b) 
shows  the  Nyquist  plots  of  the  impedance  data  obtained  at  open 
circuits  for  the  present  SOFC.  All  plots  featured  large  high- 
frequency  arcs  and  small  low-frequency  arcs,  where  the  high  fre¬ 
quency  arc  increased  much  more  obviously  than  the  low  frequency 
with  decreasing  temperature.  The  overall  polarization  resistances 
are  0.19,  0.51,  0.74  and  1.18  Q  cm2  at  800,  750,  700  and  650  °C 
respectively  as  shown  in  Fig.  8(b),  which  is  lower  than  the  Ni-CGO/ 
YSZ/NNO  cell  reported  by  F.  Chauveau  [37], 

4.  Conclusions 

In  the  present  study,  we  have  shown  the  good  structural  sta¬ 
bility  and  reasonable  conductivity  of  the  mixed-conducting  NNO 
cathode  material.  Nano-scale  NNO  impregnated  SSZ  composite 
cathode  exhibits  high  catalytic  activity  for  oxygen  reduction,  which 
is  desirable  to  solve  the  problem  of  thermal  and  mechanical  mis¬ 
matching.  The  area  specific  polarization  resistances  of  the  com¬ 
posite  cathode  can  be  as  low  as  0.04,  0.059,  0.093  and  0.166  Q  cm2 
at  800,  750,  700  and  650  °C  respectively.  We  further  demonstrate 
that  an  anode  supported  cell  with  the  NNO-impregnated  SSZ 
composite  cathode  exhibits  an  outstanding  power  density  at 
800  °C,  e.g.,  1.26  W  cm"2. 
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